analysis of atherosclerotic progression in human carotid artery bifurcations.
STROKE IS KNOWN as one of the leading causes of death, and carotid artery disease accounts for ϳ10 -20% of strokes (4, 8) . Atherosclerotic plaques usually reside in artery bifurcations with complex flow patterns (6, 7, 10, 13, 15, 17) . Because of its clinical relevance to stroke (9) , the morphometry of human carotid artery bifurcation [comprised of the left and right common (CCA), internal (ICA), and external (ECA) carotid arteries] (16) has received intensive investigation (3, 23, 24, 27) . Researchers have proposed various geometric risk factors for the incidence of atherosclerotic plaques, e.g., increased bifurcation angle and enhanced differences in area ratios including the flare, proximal curvature, and tortuosity of ICA. Computational fluid dynamics (CFD) simulations have been carried out to calculate various atherogenic hemodynamic parameters, i.e., low wall shear stress (WSS) and high oscillatory shear index (OSI), at carotid artery bifurcation (14, 18, 19, 21, 22, 29) . These morphometric and hemodynamic studies suggested the presence of atherosclerotic plaques near the sinus region of carotid artery bifurcation because of low WSS and high OSI. Past studies, however, neglected the effects of high OSI (11) on the carina region of carotid artery bifurcation. Moreover, stenotic lesions may redistribute the disturbed flow patterns, leading the progression of atherosclerosis to normal regions (12) . Hence, there is a need for studies to address these phenomena in human carotid artery bifurcation.
The objective of this study was to perform morphometric and hemodynamic analyses in carotid artery bifurcations of healthy control subjects and patients with carotid artery disease to elucidate an understanding of atherosclerotic progression. Here we hypothesize that complex flow patterns at a normal bifurcation initiate atherosclerotic plaques at the entire proximal ICA (including both sinus and carina regions) and subsequent stenosis-induced hemodynamic changes result in the downstream propagation of plaques. To test the hypothesis, threedimensional (3D) carotid artery bifurcation was reconstructed from computed tomography angiography (CTA) images of control subjects (n ϭ 30) and patients with carotid artery disease (n ϭ 30) with MIMICS software. Two vector angles were defined in the study that were tangential to the reconstructed contour of 3D carotid artery bifurcation. The best-fit diameter (D fit ) was calculated and plotted along the ICA center line. Moreover, we performed CFD simulations to analyze the stenosis-induced hemodynamic changes at the carotid artery bifurcation. The implica-tions and significance of the study are discussed in relation to the pathophysiology of carotid artery disease.
METHODS

Study design.
To assess the geometry of carotid artery bifurcations, we retrospectively analyzed the CTA data of Chinese people with ICA stenosis (area stenosis Ͼ 50%) as well as age-and sex-matched control subjects, who underwent cerebral CTA at the Affiliated Hospital of Hebei University from January to December 2014. The degree of ICA stenosis was determined with the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criterion (1, 2) . CTA reconstruction and imaging analysis were performed by a researcher (X. Huang) at the College of Engineering, Peking University, a researcher (P. Niu) at the College of Medicine, Hebei University, and two radiologists (X. Yin and Y. Xu) at the Affiliated Hospital of Hebei University. This study was approved by the Institutional Review Board (IRB) at the Affiliated Hospital of Hebei University, and subjects gave signed informed consent.
Patients. A total of 30 patients with carotid artery disease as well as 30 age-and sex-matched control subjects were identified from a large database at the Affiliated Hospital of Hebei University if they had none of the following symptoms: 1) rhythm other than sinus, 2) contraindication to iodinated contrast agents, and 3) end-stage renal disease requiring dialysis. The patients underwent cerebral CTA to evaluate the main symptoms of ischemia including impairments in vision, body movement, and speaking; unconsciousness; problems with coordination; and weakness in the body. Based on patient CTA images, two radiologists from the Affiliated Hospital of Hebei University diagnosed carotid artery disease independently. A researcher from the College of Medicine, Hebei University, proved the reproducibility of those measurements with a value equal to 0.85 (5) . Control subjects had no artery disease in either left or right carotid bifurcation. Table 1 summarizes patient demographics for control subjects and patients with carotid artery disease. Patients with carotid artery disease had significantly higher systolic and diastolic blood pressures than control subjects.
Imaging acquisition. All patients underwent CTA scan from the aortic arch to the vertex with the Discovery CT750 HD scanner (HDCT, GE Healthcare, Milwaukee, WI). Briefly, the nonenhanced CT brain scan was performed first, followed by contrast-enhanced CTA. The CTA images were acquired when contrast agent (iopromide 370, Bayer Schering Pharma) at a dose of 1.0 ml/kg was injected at a rate of 5 ml/s followed by intravenous injection of the saline chase of 40 ml at a rate of 5 ml/s. A bolus tracking method (Smart Prep) was used to monitor the optimal contrast enhancement (20) . The study parameters included the caudo-cranial scan direction, 120 kVp, rotation time of 0.5 s, 50 cm ϫ 50 cm display field of view (DFOV), 0.625-mm construction thickness at 0.625-mm intervals, helical pitch of 0.984:1, and so on.
3D reconstruction. As shown in Fig. 1A , 3D geometry of cerebral arteries was extracted from CTA images of control subjects and patients with carotid artery disease with MIMICS software (Materialise) by a researcher from the College of Engineering, Peking University. The reconstructions agreed well with the measurements from the two radiologists as confirmed by a value of 0.83 (5) . We focused on the carotid artery bifurcation that is comprised of CCA, ICA, and ECA because of its propensity to atherogenesis. Side branches were excluded from the ECA main trunk because of small diameter. Moreover, we only included the cervical ICA because no branches arise from it.
Geometric analysis. After 3D reconstruction of carotid artery bifurcation, center lines of the CCA, ICA, and ECA were first generated, as shown in Fig. 1B . In the MIMICS software, a center line was formed by a series of center points that was located in the center on the crosssectional views of the contour of the 3D vessel. Subsequently, D fit was calculated as twice the average radius between the point on the center line and the contour forming the contour of the 3D vessel. Dfit was plotted along the ICA center line, which was normalized by the accumulative length from the bifurcation center (i.e., the center of ICA0 in Fig. 1B) to the flow outlet of ICA (i.e., the center of ICA7 in Fig. 1B) .
We defined two bifurcation angles, i.e., angles 1 and 2 in Fig. 1B . The two vectors forming angle 1 were tangential to the contour of CCA and ICA, starting from the intersecting point of the two vessels and pointing away from the bifurcation. Likewise, the two vectors forming angle 2 were tangential to the contour of ICA and ECA. On the other hand, angles 3 and 4 in Fig. 1 , C-E, were defined similar to those in Reference 27. The two vectors forming angle 3 started from the intersecting point of the two center lines, pointing along the linear fit center line of ICA and opposite to the CCA center line. The two vectors forming angle 4 were along the linear fit center lines of ICA and ECA.
Hemodynamic analysis. Similar to previous studies (10, 13), CFD simulations were performed to analyze flow patterns in normal and stenotic carotid artery bifurcations. Briefly, Navier-Stokes and continuity equations were solved to compute the distribution of pressure and flow. The pulsatile flow velocity in Fig. 1F was applied to the inlet of CCA, and stress-free boundary conditions were set at the outlet of ICA and ECA. A total of ϳ550,000 tetrahedral-shaped volume elements (element size ϭ 0.3 mm) were necessary to accurately mesh the computational domain. Three cardiac cycles were required to achieve convergence for the transient analysis. The viscosity () and density () of the solution were assumed as 4.5 ϫ 10
Ϫ3
Pa·s and 1,060 kg/m 3 , respectively, to mimic blood with a hematocrit of 45%. After the velocity and pressure of the blood flow were calculated, hemodynamic parameters including WSS and OSI were determined by the same method as a previous study (12) .
Statistical analysis. The means Ϯ SD of morphometric parameters were computed by averaging over all control subjects or patients with carotid artery disease. Since geometric parameters showed no statistical difference between left and right carotid artery bifurcations, we show the parameters in the left carotid bifurcation of control subjects only. Control subjects were further classified into three regimes: 1) 9 control subjects with age Ͻ40 yr (ControlsϽ40), 2) 12 control subjects with age of 40 -60 yr (Controls40-60), and 3) 9 control subjects with age Ͼ 60 yr (ControlsϾ60). For patients with carotid artery disease on both sides, we analyzed the geometric parameters in the carotid artery bifurcation of higher ICA stenosis or in the left carotid bifurcation if both sides had similar area stenoses. Patients with carotid artery Except where indicated, data are means Ϯ SD (averaged over the subjects). BMI, body mass index; CAD, coronary artery disease; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
disease were further classified into three regimes: 1) 18 patients with stenosis only near bifurcation (Patients 1-18), 2) 6 patients with stenosis stemming from bifurcation and extension to the middle of cervical ICA (Patients 19 -24) , and 3) 6 patients with stenosis stemming from bifurcation and extension to the entire cervical ICA (Patients25-30).
Similar to a previous study (30) , a two-way ANOVA (SigmaStat 3.5) was used to compare the morphometric parameters in control subjects to those in patients with carotid artery disease, where a P value Ͻ 0.05 represented a statistically significant difference. Moreover, the 95% confidence intervals were determined for the parameters of interest with GraphPad Prism 5 software.
RESULTS
Control subjects and patients with carotid artery disease had mean Ϯ SD ages of 50 Ϯ 16 and 55 Ϯ 14 yr, respectively (P value ϭ 0.211). The percentage of each sex in control subjects was similar to that in patients with carotid artery disease (P value ϭ 0.281). The systolic and diastolic blood pressures in patients with carotid artery disease were significantly higher than those in control subjects despite the lack of statistical difference in other parameters, as shown in Table 1 . Figure 2A shows a complete set of 3D carotid artery bifurcations reconstructed from CTA images in control subjects. Table 2 lists the morphometric data of all control subjects, which include angles 1-4, age, and maximal diameters of CCA and ECA (i.e., the maximal D fit along the center line of CCA and ECA). Control subjects 1-30 in Table 2 correspond to control subjects 1-30 in Fig. 2A . There was a decrease of angle 1 and an increase of angle 2 with aging in control subjects, as shown in Table 2 . Table 2 . Patients 1-30 in B refer to patients 1-30 in Table 3 . I, ICA. Values are age (yr), bifurcation angle (°), and maximal diameter (mm) of common (CCAmax) and external (ECAmax) carotid arteries in healthy control subjects.
and Controls Ͼ60 . Normal young and older adults present no statistical difference of ICA, ECA, and CCA diameters. Figure 2B shows a complete set of 3D carotid artery bifurcations in patients with carotid artery disease, which have apparent lesions compared with the control subjects in Fig. 2A . Table 3 lists the morphometric data of all patients with carotid artery disease. The stenosis increased both angles 1 (P Ͻ 0.05) and 2 (p ϭ 0.25), preserved angle 3 (P ϭ 0.52), and slightly decreased angle 4 (P ϭ 0.14), as shown in Tables 4 and 5 . The ECA diameter in patients with carotid artery disease was significantly reduced (P Ͻ 0.05), while the CCA diameter was not statistically different from the control (P ϭ 0.18). Moreover, Patients [25] [26] [27] [28] [29] [30] in Table 4 , who were the youngest (ages 40 Ϯ 6 yr) and had extension of stenosis to the entire cervical ICA, showed smaller diameters of CCA and ECA than Patients [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] (ages 54 Ϯ 12 yr) with no stenoses in the distal regions of ICA. Patients 19 -24 in Table 4 , who were the oldest (ages 71 Ϯ 7 yr) and had extension of stenosis to the middle of cervical ICA, showed larger angle 2 than Patients 1-18 and Patients [25] [26] [27] [28] [29] [30] despite the lack of significant difference of angle 1.
Since the ICA has the highest risk for incidence and progression of atherosclerotic lesions, Fig. 3 , A-C, show the variation of D fit along normalized ICA center lines with the stenosis near bifurcation (Patients [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ) and in the middle of the vessel (Patients 19 -24 ) and with extension to the entire vessel (Patients [25] [26] [27] [28] [29] [30] ), respectively. The black line, "control," represents the mean value of D fit (averaged over all controls) and error bars refer to SD. For the hemodynamic analysis, Fig. 4 , A-C, show the distribution of time-averaged WSS (averaged over a single cardiac cycle), OSI, and flow fields, respectively, at the carotid artery bifurcation of control subject 16 in Table  2 (with angle 1 equal to 137°and angle 2 of 18.6°). The flow separation induces flow reversal and stagnation point flow to form the distribution of low WSS (Յ4 dyn/cm 2 ) and high OSI (Ն0.15) in the sinus regions. The carina separates blood fluids into the ICA and ECA, which leads to oscillatory flows in the Data are means Ϯ SD. ControlsϽ40, control subjects with age Ͻ 40 yr; Controls40-60, control subjects with age of 40 -60 yr; ControlsϾ60, control subjects with age Ͼ 60 yr; Patients1-18, patients with stenosis only near bifurcation; Patients19-24, patients with stenosis stemming from bifurcation and extension to middle of cervical ICA; Patients25-30, patients with stenosis stemming from bifurcation and extension to entire cervical ICA. direction perpendicular to the center line of CCA. Hence, there is the distribution of high OSI near the carina regions. Likewise, Fig. 4 , D-F, show these hemodynamic parameters at the carotid artery bifurcation of patient 10 in Table 3 with the stenosis near bifurcation (with angle 1 equal to 150°and angle 2 of 21.3°). The stenosis (area stenosis of ϳ40%) at the proximal ICA reduces the area of low WSS and high OSI at both sinus and carina regions. Moreover, Fig. 4, G-I, show the hemodynamics at the carotid artery bifurcation of patient 24 in Table 3 with stenosis extension to the middle of the vessel (with angle 1 equal to 160°and angle 2 of 39.7°). The stenosis (area stenosis of ϳ75%) at the proximal and middle regions of ICA significantly increases WSS and decreases OSI near the bifurcation but results in low WSS and high OSI at the regions distal to the stenosis.
DISCUSSION
Based on the 3D geometry reconstructed from CTA images, this retrospective study carried out a morphometric analysis of carotid artery bifurcations in healthy control subjects and patients with carotid artery disease (area stenosis Ͼ 50%). We defined two novel bifurcation angles (i.e., angles 1 and 2 in Fig. 1B ), which were different from the definition of ICA angle and bifurcation angle (i.e., angles 3 and 4, respectively, in Fig.  1C ) in a previous study (27) . The reconstructed contour of the carotid artery bifurcation represents the geometry of the vessel wall. Since atherosclerosis develops along the vessel wall, the proposed angles 1 and 2 can accurately characterize atherosclerotic changes of the carotid artery bifurcation.
A key finding of the study was that patients with mild or severe stenosis had larger values of angles 1 (151 Ϯ 11°vs. 144 Ϯ 13°) and 2 (42 Ϯ 20°vs. 36 Ϯ 16°) compared with the control subjects. Moreover, the values of angle 3 in patients with carotid artery disease were similar to those in control subjects (27 Ϯ 12°vs. 28 Ϯ 11°), while angle 4 had slightly lower values (46 Ϯ 17°vs. 51 Ϯ 16°). The increased angle 1 and preserved angle 3 reflected the development of inward atherosclerotic plaques stemming from the sinus region (i.e., the local dilation situated at the proximal part of the ICA). The increased angle 2 and decreased angle 4 indicated the growth of inward atherosclerotic plaques near the carina region (i.e., the apex of ICA and ECA). Hemodynamic parameters (i.e., WSS Յ 4 dyn/cm 2 and OSI Ն 0.15) were known to contribute to incidence and progression of atherosclerotic lesions (6, 15, 17) . As shown in Fig. 4 , A-C, the sinus prompted the flow reversal and stagnation point flow and hence generated low WSS and high OSI, while the carina had high OSI. Since previous studies neglected the effects of high OSI at the carina (17, 22) , plaque formation was assumed to occur only near the sinus and not at the carina. Here we showed that the entire proximal parts (including both sinus and carina regions) of ICA were sites of plaque vulnerability, as shown in Fig. 2B .
Another key finding was that the stenosis occurred at the proximal regions of ICA in each patient with carotid artery disease (patients 1-30 in Fig. 2B ) while 20% of patients had stenosis expansion to the middle cervical ICA (patients 19 -24 in Fig. 2B ) and 20% had stenosis expansion to the entire cervical ICA (patients 25-30 in Fig. 2B ), as shown in Fig. 3 . This indicates that atherosclerotic plaques initiate at Table 3 . L, normalized ICA center position, varying from zero to unit. the proximal regions of ICA. Moreover, based on the CFD simulations, we have proposed a hypothesis that the mild stenosis (area stenosis Յ 75%) resulted in a more uniform distribution of hemodynamic parameters inside the stenosis although the distal sites to the stenosis had adverse hemodynamic changes that led to the expansion of atherosclerosis (12) . Similarly, a hemodynamic comparison of Fig. 4 , A-C, and Fig. 4, D-F and G-I , showed the newly generated flow reversal and stagnation point flow in the regions distal to the stenosis, which implies that atherosclerotic plaques could progress downstream as the proximal stenosis of ICA grows to a certain degree (e.g., stenotic area Ͻ distal area). Comparison with previous studies. For normal subjects, Thomas et al. (27) showed an increase of the ICA angle (i.e., angle 3 in Fig. 1C ) and bifurcation angle (i.e., angle 4 in Fig.  1C ) with aging. Here, angles 3 and 4 increased with aging, having values of 20 Ϯ 8°, 30 Ϯ 9°, and 34 Ϯ 12°and 39 Ϯ 20°, 55 Ϯ 10°, and 57 Ϯ 15°in Controls Ͻ40 , Controls 40 -60 , and Controls Ͼ60 , respectively. Hence, the present study supports the conclusions in Reference 27. Moreover, patients with carotid artery disease and control subjects showed no statistical difference of angles 3 (27 Ϯ 12°vs. 28 Ϯ 11°, P ϭ 0.52) and 4 (46 Ϯ 17°vs. 51 Ϯ 16°, P ϭ 0.14), which was consistent with the results of Bijari et al. (3) . In contrast, Phan et al. (23) found a significant increase of the ICA angle in adults with mild and severe stenoses. This disagreement may be attributed to racial differences (people of Caucasian origin vs. Chinese) (28) .
Implications for pathophysiology of carotid artery disease. Numerous risk factors can contribute to the incidence and progression of atherosclerosis (25, 26) . Table 1 suggests that high blood pressure was the key risk factor for the atherosclerosis at the carotid artery bifurcation. The disturbed flow patterns indicated ICA sinus and carina regions of plaque vulnerability as well as atherosclerosisprone regions distal to the mild stenosis. Although the present morphometric and hemodynamic analyses imply some potential structure-function risk factors for the incidence and diffuse progression of carotid artery disease, the natural history of carotid atherosclerosis may be clarified when carotid arteries are examined at sequential follow-up studies in the same patients.
Six patients had stenosis extension to the entire cervical ICA: patients 25-30 in Fig. 2B , who were the youngest (ages 40 Ϯ 6 yr) patients with smaller CCA and ECA diameters than others. With exception of hypertension, the six young patients were found to have at least one of the traditional risk factors of cardiovascular diseases, which include smoking, diabetes mellitus, body mass index Ͼ 30 kg/m 2 , and family history of coronary artery disease. Hence, the diffuse plaques in the entire CCA, ECA, and ICA of the young adults may be attributed to the interplay of hypertension, disturbed flow patterns, and other traditional risk factors.
Study limitations. Although a complete comparison showed significant difference of carotid artery bifurcations between control subjects and patients with carotid artery disease, the sample size (30 control subjects and 30 patients with carotid artery disease) in the retrospective study was relatively small compared with previous studies (3, 23) . This requires further analysis with larger sample size in a prospective study.
Conclusions. This study compared stenotic carotid artery bifurcations with controls. We defined two novel bifurcation angles and found an increase in patients with carotid artery disease. CFD simulations were performed to analyze the hemodynamic changes due to the stenosis, which showed that the entire proximal parts of ICA (including both sinus and carina regions) were sites of plaque vulnerability. The simulations also imply that atherosclerotic plaques may initiate in the proximal ICA and progress downstream. These findings shed additional light on the pathophysiology of carotid artery disease.
